The in vitro potential of aluminium to induce pro-oxidant or antioxidant effects, were studied in rat primary cortical astrocytes. These cells were exposed to aluminium (as aluminium sulphate) at different concentration. The results revealed that aluminium has a differential effect on the rat primary cortical astrocytes. The toxic effects was assessed using mitochondrial dehydrogenase activity, measured by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium (MTT); cell viability as revealed by Fluorescein diacetate-Propidium iodide (FDA-PI) staining; glutathione content; lipid peroxidation as determined by malondialdehyde production and reactive oxygen production (ROS). The data suggests that aluminium has both pro-oxidant and antioxidant effects.
INTRODUCTION
Many in vitro and in vivo model systems have been employed to study aluminium toxicity ( 1 , 2 , 3 , 4 , 5 , 6 , 7 ). But despite this extensive effort the molecular/cellular mechanisms of Al toxicity are still yet to be clarified. Using isolated cell lines of primary culture and cells of neuronal origin, several workers have tried to justify their cell type in terms of responsiveness to acute /chronic exposure to chemical toxicity, particularly Al in these respects. However the most interesting features to note are where the compound is localised and what features are associated with it.
To date there is no ideal model for the study of aluminium neurotoxicity in vitro, probably due to its ubiquitous nature and difficulties in maintaining adult neurones in culture. In the present study primary cortical astrocytes from the brain of new-born rat was chosen as model systems for the in vitro testing of the effect of Al. These represent a classical monotypic culture of astrocytes. The choice of monotypic cultures of astrocytes from the brain of new-born rats was based on the fact that, in the mammalian brain cortex, cells with particular astrocytic morphology account for at least 30% in terms of volume although this varies with both region and species ( 8 ) . Correspondingly astrocytes in rats are still dividing at the time of birth, unlike most neurones which are already postmotic. Furthermore astrocytes are more robust and continue to divide until they populate the entire dish, whereas in a suspension of brain cells, the neurones are more vulnerable and have lost ability to divide. These attributes have often made astrocyte to be regarded as cells expressing glial fibrillary acidic protein (GFAP) ( 9 , 10 ), a similar protein found in brain cortex in vivo. Transport within GFAP has also been reported to be adversely affected following Al accumulation in aluminium toxicity.
Biochemical studies revealed that astrocytes are involved in production and metabolism of the amino acid transmiters glutamine and γ-amino-butyric acid (GABA), as well as in K + homeostasis at the cellular level, in addition to being metabolically active ( 11 ). Glial cells play a critical role in the development as well as physiological maintenance of the neurones ( 12 ) and may be the target and mediator of many insults to the CNS ( 13 ). Further studies have demonstrated that astrocytes are more resistant to ROS-mediated damage than the other neural cells. This may be related to the high GSH content ( ≈20 nmol/mg protein) ( 14 , 15 ), though as high as 8 mM has been reported ( 16 ). Astrocytes survive in culture for as long as there is a source of glucose in the medium and die only when glucose is completely depleted followed by ATP depletion ( 17 ).
As mentioned earlier many in vivo studies ( 18 , 19 , 20 , 21 , 22 ) are available that clearly report on the toxic effect of aluminium.
The above mentioned properties in addition to direct involvement of this cell type to chemical insult stimulated the interest of these cellular models to explore the likely oxidative effects following Al exposure.
As described above, neurodegenerative disorders involving aluminium affect a large number of individuals, particularly the elderly and patients with chronic renal failure. In view of this, it is hoped that this research will to contribute towards alleviating the personal suffering and medical, financial and social burdens associated with aluminium exposure.
The aim of the present study was to explore in vitro model systems to assess and determine the mechanism of Alinduced neurotoxicity, focusing specifically on the potential effects of Al on oxidative stress. 
MATERIALS AND CHEMICALS

CELL CULTURE PREPARATION
Primary cortical astrocytes cell cultures were prepared as described by Booher & Sensebrenner, ( 23 ) . Briefly, 2-3 daysold Wister rat pup decapitated and the heads were dipped into 96% ethanol and then into cold MEM-HEPE'S (10 µM). The brain was removed, dissected to obtain cerebral cortex and the cortecies were removed from the MEM-HEPE'S, cut into pieces, added to papain solution and incubated at 37 C for 1 hr 15 min. After the incubation, papain inhibitor solution was added and cells were dissociated by passing the tissue through needles, filtration and centrifugation. Cell pellets were resuspended in primary medium DMEM containing 10% FCS v/v, 2 mM glutamine and 25µg/ml gentamycin (media). Cells were seeded onto 250 cm 2 flask with 2.5 pups/flask which approximately containing 2.5 x10 5 cells/cm 2 and incubated at 37 C in 5% CO2, 95%
humidified atmospheric air. At 10 DIV flask were shaken and semi-pure culture of astrocytes were obtained.
Generally all the cells were continuously cultured and maintained in their respective media preparations until confluence was reached ( ≈5 x10 5 cells/cm 2 for astrocytes),
with media changed every 3 days.
CELL TRYPSINIZATION
Three days before cell plating, the media was removed by aspiration from the cells followed by addition of 5 ml trypsin solution (0.25%) in order to detach the cells from the flask. The trypsinized cells were then incubated at 37 C in 5% CO 2 humidified air incubator for 8 min. The trypsinization was stopped by the addition of an equal volume of FCS 10% v/v, the cells were centrifuged at 100 x g for 5 min and the resulting pellet suspended in 2 ml of the media. One ml of the suspension was then made up of to 25 ml of the media, swirled very well and 12.5 ml was transferred onto two separate 250 ml flasks and incubated until plating.
CELL PLATING
Cells were again trypsinized as mentioned above, but the resuspended pellet was made up to 10 ml with media and 25 µl from the suspension was used to count the cell number using a Neubauer double chambered haemocytometer. Cells were then diluted to 5,000 cell/100µl and plated onto either 96 well plate at 200 µl/well or 24 well plate at 500 µl/well. The plates were incubated at 37 C in a humidified atmosphere of 5% CO 2 and 95% O 2 for 24 hr before further treatment.
ALUMINIUM TREATMENT
Twenty four hours after plating, cells were treated with different concentrations of aluminium sulphate for different durations of exposure. In order to construct a dose response curve, cells were exposed to a wide range of concentration of aluminium (0-3000 µM) for up to five days.
CONTAMINATION
Stringent precautions were taken to prevent Al contamination from the reagents and materials used. Doubledeionized distilled water (DDW)[Al]< 1 ng/ml assay was used to prepare all solutions and aluminium levels were measured in most reagents and were < 4 ng/ml. Containers used for sample collection and during analysis were generally polypropylene rather than glass and if so usually made Al-free by acid-washing technique ( 24 ).
MEASUREMENTS DETERMINATION OF MITOCHONDRIAL ACTIVITY BY MTT ASSAY
Mitochondrial dehydrogenase activity was assessed based on the MTT colorimetric determination ( 25 , 26 , 27 ). MTT was dissolved in PBS at 5 mg/ml and filtered through a sterile filter (0.2µm) to remove any amount of insoluble residue. MTT stock solution (5 mg/ml) of which 11 µl per 100µl medium was added to all the wells of an assay 96-well plate and incubated at 37 C in 95% O 2 and 5% CO 2 incubator for 1 hr. After one hour of formazan formation, the reaction was stopped by removing the MTT. The formazan crystals formed were subsequently dissolved in 150 µl DMSO/well, followed by addition of 25 µl glycine buffer (0.1 M glycine buffer, pH 10.5). To achieve complete solubilization of formazan crystals, plates were vigorously shaken on a microplate shaker at 200 rpm for 20 min. The absorbance was recorded directly, within 30 min, after the addition of DMSO using an iEMS microplate spectrophotometer (Labsystems Company) at a wavelength of 550 nm. Mitochondrial activity as a percentage of control (cytotoxicity or) was calculated relative to the calibration of the Al-free/untreated cells as follows:
These values were then used as index of cell viability.
DETERMINATION OF CELL SURVIVAL USING FDA-PI STAINING
Cell survival or active cells was determined using a fluorescence method employing fluoreseein diacetate and propidium iodide ( 28 ). Cells were plated in a 24 well plate containing 5,000 cell/well in 500µl and exposured to 1 mM aluminium sulphate 24 hr after plating. The cells were exposed for a period of not more than five days, after which, the media was removed from the cell and replaced with equal volume of Kreb's-HEPE'S buffer pH 7.4. The Kreb's-HEPE'S buffer was removed from the wells and 150 µl FDA-PI mixture (60 µg/ml-20 µg/ml) was added, followed by incubation for 3 min at room temperature. After the incubation the cells were counted using a fluorescence microscope at an excitation of wavelength of 450-490 nm and emission wavelength of 510-520 nm.
PROTEIN DETERMINATION
The total protein content was determined according to the method of Lowry et al. ( 29 ).
The media was removed from the wells and cell sample were washed with 150µl PBS, the removal of the PBS was followed by the addition of 50µl of 0.1M NaOH and the plate was frozen at -20 C overnight to allow adequate solubilization.
Tissue supernatant were appropriately diluted and thereafter the amount of protein determined colorimetrically at 750 nm using BSA (0-250 µg/ml) as standard and amount in the unknown sample calculated from the standard curve of BSA. The concentrations of protein in the aliquots of samples were determined by employing the above method.
ALUMINIUM DETERMINATION
METHODS OF DETERMINATIONS
Cells pellets were washed twice with 50 mM Tris-HCl buffer pH 7.4 to remove any traces of the media. The residue were suspended (to a suitable volume) in about 1-2 % (v/v) HNO 3 and transferred immediately to a plastic sterile Al-free tubes. Aluminium content in cell pellet was determined by ETAAS as described by Taylor and Walker ( 30 ) .
DETERMINATION OF REDUCED GLUTATHIONE
The determination of GSH levels in biological samples requires that oxidation be minimised and the γ-glutamyltranspeptidase be inhibited. The method of Hissin and Hilf ( 31 ) was employed where GSH forms a fluoresent adduct with o-phthaldialdehyde (OPT).
Treated cells were washed twice with cold PBS and then resuspended in acidified condition with 50 µl PCA. The samples were frozen at -20 C until required for analysis. 50 µl of unknown sample or standard were transferred to 1.5 ml of phosphate-EDTA buffer, followed by the addition of 50 µl OPT to all the samples. The mixtures were mixed well, protected from light and then allowed to stand at room temperature, in the dark for 30 min. Thereafter the fluorescence intensity was measured as stated above and the amount in the unknown sample calculated from the standard curve.
MEASUREMENT OF LIPID PEROXIDATION USING THE THIOBARBITURIC ACID REACTION (TBARS)
Treated cell samples were washed twice with cold PBS and then resuspended in 50 mM Tri-HCl buffer pH 7.4. The samples were frozen at -20 C until required.
50 µl of cell samples were prepared and made up to 500 µl with DDW. 250 µl of 1.34% TBA was added to all the tubes followed by an addition of equal volume of 40% TCA. The mixture was shaken and incubated for at least 30 min. in a hot boiling water bath with a temperature > 90 C. Tubes were allowed to cool down after the incubation and the absorbances were read at 532 nm using zero concentration as blank. The amount of malondialdehyde formed in nmoles by the unknown samples was calculated from the standard curve ( 32 , 33 ).
DETERMINATION OF SUPEROXIDE DISMUTASE ACTIVITY
Superoxide dismutase was determined as described by Marklund ( 34 , 35 ).
ANALYSIS OF RESULTS
Data obtained in this research are expressed as mean ± standard error of the mean (SEM) and results tested for statistical significance (P<0.05 to P<0.001) of the differences between means by using simple student t-test or one way analysis of variance (ANOVA).
RESULTS
CELL VIABILITY MITOCHONDRIAL ACTIVITY IN PRIMARY CORTICAL ASTROCYTES
Primary cortical astrocytes revealed a mitochondrial activity to both 1 and 3-days exposure of cell to aluminium sulphate (300-3000 µmol/L). There was however no significant effect at Al concentration up to 300 µM but a significant effect was observed at the highest dose for both day 1 and 3 as shown in figure 1. 
EFFECTS OF ALUMINIUM ON ASTROCYTES VIABILITY USING FDA-PI STAINING
The number of surviving untreated primary cortical astrocytes cells was found to be greater than 95% regardless of the duration of experiment, while the number of Al treated (1000µM) cells were found to be 10% less than the untreated (Figure 2 ). 
EFFECTS OF ALUMINIUM TREATMENT ON CELL PROTEIN CONTENT PROTEIN CONTENT OF ASTROCYTES
The amount of protein in cells treated with 1 mmol/L aluminium sulphate showed an increase after 1-day exposure compared to non treated cells, with no significant change after 3-days exposure ( Figure 3 ). This is either due to the increased number of cells per well or the protein content per well. 
EFFECTS OF ALUMINIUM TREATMENT ON CELL GLUTATHIONE CONTENT GLUTATHIONE CONTENT OF ASTROCYTES
The GSH content in astrocytes ( Figure 5 ) revealed no significant changes at all levels of exposure to aluminium despite different duration of exposure. , and values considered not significant at P<0.05 compared to control using paired ANOVA and post hoc t-tests.
EFFECTS OF ALUMINIUM TREATMENT ON MEASURES OF CELLULAR LIPID PEROXIDATION MALONDIALDEHYDE PRODUCTION IN ASTROCYTES
Aluminium treatment was associated with significant increase in the production of MDA ( Figure 6 ) a measure of lipid peroxidation. 
FLOW CYTOMETRIC ANALYSIS OF DCFH-DA TREATED CELLS
The results for astrocytes (Figure 7 ) interesting responses that utilises only DCFH-DA alone. The astrocytes revealed consistent fluorescence intensity similar to the data obtained from microscopic viability test that uses FDA-PI. 
DISCUSSION
Aluminium has been implicated in the etiology of many diseases, such as dialysis dementia, microcytic anemia with/without iron deficiency, in addition to the most controversial and a possible role it plays in Alzheimer's disease ( 36 , 37 ). It is well known that aluminium can bind to phosphates and any other oxygen donating ligands leading to stable complexes, the consequence of which may be to disrupt cellular enzyme activity. One site of action may be the mitochondria thereby affecting the electron transport chain which may give rise to increased production of reactive oxygen species which eventually leads to oxidative injury ( 38 ). The exact mechanisms via which Al might exert its neurotoxic effect are yet to be substantiated. But there are several experimental studies supporting the potential of Al to promote the pro-oxidant properties of iron and other transitional elements ( 39 , 40 , 41 , 42 ).
CELL VIABILITY AND MITOCHONDRIAL DEHYDROGENASE ACTIVITY
In the present in vitro studies, isolated cell line of rat primary cortical astrocytes was utilized in order to assess the possible antioxidant/pro-oxidant effect to acute exposure to aluminium sulphate. 
OXIDANT STATUS ASSESSMENT
However, to determine whether the increased mitochondrial activity observed due to Al exposure is indeed as a result of reactive oxygen species generation, certain enzyme markers of oxidative stress were assessed. It is well established that electron leakage from the respiratory chain can lead to formation of excess reactive oxygen species ( 38 . These can however be modulated by a variety of condition and highly inhibited by the availability of glutamine ( 17 ).
The effect of Al exposure on this cell type, mitochondrial dehydrogenases, GSH thiol status and lipid peroxidation as assessed by increase malondialdehyde production was also accompanied by about 10-15% increase of superoxide dismutase.
ALUMINIUM UPTAKE BY THE CELL
These studies show that the rat primary cortical astrocytes cells are able to accumulate Al against a concentration gradient. This is supported by the report of Guy et al. ( 1 ) .
CELL MORPHOLOGY
Morphologically, using FDA-PI staining, the fluorescence photographs (Picture not shown), In Al treated, primary cortical astrocytes appeared less extended, disintegrated, and spread neurites were fewer and thinner, i.e. abnormal clustering and aggregation plus loose adhesion, but the number of live cells did not change (<10%) in comparison to untreated cells. The interesting point about this finding is that aggregation of cell bodies and fasciculation of processes have been previously reported ( 49 ) in cultured cortical neurons following long-term exposures to Al. Moreover, both neuritic processes and aggregated cells could be confidently stained using an antibody to microtubuleassociated protein tau, which is one of the main components of neurofibrillary tangles seen in Alzheimer's disease ( 49 ).
CONCLUSION
The potential role of Al involvement in oxidation or prooxidant activities remains controversial to-date. Evidence for ( 23 , 42 , 50 ) and against ( 41 , 42 ) in its potential involvement have both been reported. The present work contributes to the existing controversies of Al antioxidant at low concentration and pro-oxidant at high concentration. Similarly, suggesting that Al might facilitate membrane peroxidation via alteration in membrane rheology by increasing their susceptibility to free radical induced damage ( 51 , 52 ) as a compensatory effect due to toxic insult.
The dual or biphasic effect of Al exposure observed on this cell type is probably due to direct interaction of Al with cell components, rather than to reaction with oxidative-reactive species. This is not surprising at all because biphasic effect of Al has been reported in diverse cell system including phosphorylation of neurofilament sub-units ( 53 ). The effect may be due to the formation of reversible/irreversible Al complexes. Therefore, the present effects may be due to an indirect effect of Al on free radical scavenging enzymes and glutathione.
However, under physiological and biochemical conditions, the antioxidant effect observed with Al could only occur in the early stages of its accumulation thereby given an excellent condition to Al slow process of intoxication, concomitant to the fact that Al binds to negatively charged membranes more avidly than most divalent cations ( 54 ), in addition to the presence of iron in most cell compartments. Therefore, this suggests that the pro-oxidant effect will be more likely to be exerted in vivo. Hence the presented results support the notion that changes in ratio of free radical in response to toxic insult due to Al leading to membrane changes (damage) may contribute to the phathophysiology of Al neurotoxicity.
